Determining how growth and differentiation are coordinated is key to understanding normal development, as well as disease states such as cancer, where that control is lost. We have previously shown that growth and neuronal differentiation are coordinated by the insulin receptor/target of rapamycin (TOR) kinase (InR/TOR) pathway. Here we show that the control of growth and differentiation diverge downstream of TOR. TOR regulates growth by controlling the activity of S6 kinase (S6K) and eIF4E. Loss of s6k delays differentiation, and is epistatic to the loss of tsc2, indicating that S6K acts downstream or in parallel to TOR in differentiation as in growth. However, loss of eIF4E inhibits growth but does not affect the timing of differentiation. We also show, for the first time in Drosophila, that there is crosstalk between the InR/TOR pathway and epidermal growth factor receptor (EGFR) signaling. InR/TOR signaling regulates the expression of several EGFR pathway components including pointedP2 (pntP2). In addition, reduction of EGFR signaling levels phenocopies inhibition of the InR/TOR pathway in the regulation of differentiation. Together these data suggest that InR/TOR signaling regulates the timing of differentiation through modulation of EGFR target genes in developing photoreceptors.
A fundamental challenge during the development of any complex organism is the coordination of proliferation and differentiation. The rate of proliferation is not constant during development (Neufeld et al. 1998 ) and depends on the developmental stage as well as hormonal and nutritional cues (Britton et al. 2002) . Coordinating growth and differentiation is a particular challenge in complex tissues, such as the nervous system. Neurogenesis is preceded by a period of proliferation, which generates a pool of precursor cells. Selected cells from this pool exit the cell cycle and initiate a complex program of gene expression that will result in the formation of the mature neuron.
The Drosophila retina is a highly tractable model for studying the relationship between growth and neuronal differentiation (Wolff and Ready 1993) . Photoreceptor (PR) differentiation in Drosophila is initiated at the beginning of the third larval instar when a physical indentation, known as the morphogenetic furrow (MF), develops at the posterior of the eye imaginal disc. Over a period of 48 hr the MF sweeps anteriorly leading to the formation of PR preclusters. The MF is initiated by the morphogen Hedgehog (Hh) and is propagated anteriorly through a combination of Hh and Decapentapalegic (Dpp) signaling (Voas and Rebay 2004) . Posterior to the MF, PRs are specified sequentially through reiterative use of the Notch and EGFR pathways (Brennan and Moses 2000; Voas and Rebay 2004) .
As in other neurogenic contexts, neuronal differentiation in the Drosophila eye is a temporally restricted process. Patterning of the mature cluster of eight PRs is highly stereotyped with each row forming about every 2 hr ( Figure 1A ) (Wolff and Ready 1993) . The mechanism underlying the temporal control of PR differentiation has proven elusive. Several models have been proposed including control by receptor-mediated cellcell interactions and intrinsic or extrinsic cellular clocks (Freeman 1997; Brennan and Moses 2000; Voas and Rebay 2004) . We found that the conserved InR/TOR pathway plays a key role in controlling the timing of neuronal differentiation in Drosophila (Bateman and McNeill 2004) . Using mutants in various components of the InR/TOR pathway, we showed that activation of this pathway causes precocious differentiation of neurons. Conversely, inhibition of InR/TOR signaling significantly delays neurogenesis. How the InR/TOR pathway regulates neuronal differentiation is unclear.
Temporal control of neuronal differentiation is a property of the entire InR/TOR pathway. Ligand binding to the InR causes recruitment and phosphorylation of the insulin receptor substrate (IRS) and subsequent activation of PI3K, which catalyzes the production of phosphatidylinositol 3,4,5-trisphosphate (PIP3) at the membrane (Leevers and Hafen 2004) . 1 PDK1 and PKB/AKT, both PH domain-containing kinases, become membrane localized by their interaction with PIP3 where PKB/AKT can be fully activated. InR signaling controls growth and proliferation through the inhibition of the GTPase activating protein (GAP) TSC2 (Gao and Pan 2001; Potter et al. 2001; Tapon et al. 2001; Cai et al. 2006) . TSC2 inhibits the activity of the small GTPase Rheb, which activates TOR (Long et al. 2005) . TOR is a phosphatidylinositol kinase-related kinase that is part of a complex (TORC1) that controls growth through the regulation of ribosome biogenesis and translation via S6K and eIF4E, respectively (Inoki and Guan 2006; Wullschleger et al. 2006) . TOR is also a component of the TORC2 complex. TORC2 is insensitive to rapamycin and has recently been shown to phosphorylate AKT at Ser473 (Sarbassov et al. 2005; Guertin et al. 2006b ). TOR has other functions including the regulation of microautophagy and fat metabolism (Rusten et al. 2004; Scott et al. 2004) . In addition, inhibition of TOR by treatment with rapamycin elicits a transcriptional response involving several hundred genes (Peng et al. 2002; Guertin et al. 2006a) . Recently a negative feedback loop in which S6K regulates IRS, both transcriptionally and by phosphorylation, has been shown to exist in both Drosophila (Radimerski et al. 2002) and mammalian systems (Harrington et al. 2004; Shah et al. 2004; Um et al. 2004) .
What is the mechanism by which InR signaling controls the timing of neuronal differentiation? In mammalian systems activation of insulin/IGF receptor tyrosine kinases causes activation of both PI3K and Ras/mitogen-activated protein kinase (MAPK) pathways (Baltensperger et al. 1993; Skolnik et al. 1993; Downward 2003) . Ligand binding to the InR results in tyrosine phosphorylation of IRS proteins and/or Shc which, through the adaptor protein Grb2, results in recruitment to the membrane of SOS for the activation of Ras (Baltensperger et al. 1993; Skolnik et al. 1993) . However, flies expressing a version of the Drosophila IRS chico, in which the putative Drk (the Drosophila ortholog of Grb2) binding site had been mutated, are able to fully rescue the growth defects of chico flies (Oldham et al. 2002) . Therefore it is currently unclear whether the InR activates MAPK signaling in Drosophila (Bateman and McNeill 2006) .
In the current study we find that differentiation is temporally regulated by TOR and S6K, but not by 4EBP or eIF4E, thus providing the first branch in the differentiation pathway downstream of InR signaling in the eye. We also show that activation of the InR/TOR pathway regulates the expression, at the transcriptional level, of the EGFR pathway components Argos, rhomboid (rho), and pointedP2 (pntP2). Moreover, reducing the level of EGFR signaling, by using a pntP2 hypomorphic allele, causes a cell-type-specific delay in differentiation, which is identical to that in mutants that inhibit the InR/TOR pathway. Finally we show that the EGFR and InR/TOR pathways genetically interact in controlling the timing of PR differentiation.
MATERIALS AND METHODS
To generate loss-of-function clones, 48-to 72-hr-old larvae were heat-shocked for 1-2 hr at 37°. Overexpression clones were generated using the ''flp-out'' technique (Neufeld et al. 1998) , where 48-to 60-hr-old larvae were heat-shocked for 2.5 hr at 37°. Third instar eye discs were fixed in PBSA/4% formaldehyde (EMS Scientific) for 45 min, washed in PBSA/ 0.1% TritonX100 (Sigma, St. Louis) and incubated overnight with primary antibody. Primary antibodies were used as follows: mouse and rabbit anti-GFP (Molecular Probes, Eugene, OR; 1:1000), rabbit anti-Bar (a gift from K. Saigo; 1:200), mouse anti-Prospero (DHSB; 1:10), guinea pig anti-Senseless (a gift from H. Bellen; 1:1000), mouse anti-b-galactosidase (Roche, Indianapolis; 1:1000), rabbit anti-Spalt (a gift from R. Barrio; 1:500), mouse anti-Rough (DSHB; 1:100), mouse antiCut (DSHB; 1:20), and mouse anti-Argos (DSHB; 1:100). Secondary antibodies were from Jackson Laboratories (West Grove, PA). After staining, discs were mounted in Vectastain (Vector Laboratories, Burlingame, CA) and analyzed with a Zeiss confocal microscope or a Zeiss Apotome.
To quantify eIF4E mutant growth rates the mutant clone area relative to the twin-spot area was quantified using ImageJ and in three independent clones for each genotype.
The following stocks were kindly provided to us: The pten flies were from Sally Leevers and tsc1 flies from Nic Tapon. The s6k, tsc2 stock was from D. J. Pan. The Rheb stocks were from Ernst Hafen. The UAS-4EBP stock was from Nahum Sonenberg. pnt stocks were from Christian Klämbt. 
RESULTS
The InR controls differentiation through a pathway including TOR and S6K, but not 4EBP/eIF4E: We have shown previously that tsc1 loss-of-function (LOF) clones cause precocious differentiation of PRs in the developing eye (Bateman and McNeill 2004) . TSC1, together with TSC2, functions as a GAP for the small GTPase Rheb. We found that loss of Rheb causes a strong delay in differentiation suggesting that TSC1/2 acts upstream of Rheb in controlling differentiation as it does in growth Zhang et al. 2003) . However, TSC1 has targets other than Rheb and can activate RhoGTPase and inhibit Rac1 through interaction with the ERM family of actin binding proteins (Lamb et al. 2000; Astrinidis et al. 2002; Goncharova et al. 2004 ). Therefore we asked whether TSC1 is able to affect differentiation independently of Rheb. To do this we generated Rheb, tsc1 double-mutant clones and observed the differentiation phenotype by staining with antiProspero (Xu et al. 2000) . If Rheb is absolutely required for regulation of differentiation by TSC1 then Rheb, tsc1 double-mutant clones should have a similar phenotype to Rheb clones. Alternatively, if the TSC1/2 complex is able to regulate differentiation independent of Rheb, then the delayed differentiation phenotype caused by loss of Rheb should be abrogated in Rheb, tsc1 clones. Rheb, tsc1 double-mutant clones show a strong delay in differentiation ( Figure 1B ), similar to that seen in Rheb clones (Figure 2, C and D) . This result suggests that the primary target of TSC1/2 in controlling the timing of neuronal differentiation is Rheb.
The TSC1/2 complex and Rheb regulate TOR (Leevers and Hafen 2004) . TOR is part of the TORC1 complex, controls growth by phosphorylation of S6K and 4EBP, which in turn affect translation and ribosome biogenesis by regulating RpS6 and eIF4E, respectively (Inoki and Guan 2006; Wullschleger et al. 2006) . We asked whether S6K and 4EBP are also able to control neuronal differentiation. s6k LOF clones do cause a slight delay in differentiation ( Figure 1C ), which is much weaker than the delay seen in Rheb or TOR LOF clones (Figure 2, C and D; (Bateman and McNeill 2004) . To determine whether S6K mediates the precocious differentiation phenotype seen in tsc2 clones ( Figure 1D ) we generated s6k, tsc2 double-mutant clones. These clones have a wild-type differentiation phenotype ( Figure 1E ), indicating that S6K acts either downstream or in parallel to TSC2 in controlling differentiation.
TOR also controls growth via the translation initiation factor eIF4E and its inhibitory binding partner 4EBP. Homozygous eIF4E Drosophila arrest growth during larval development (Lachance et al. 2002) . Lachance et al. (2002) however did not determine whether eIF4E mutant cells have a growth defect. To assess this we made LOF clones of cells using either weak (eIF4E
07238
) or strong (eIF4E 715/13 ) eIF4E alleles. Clones made using eIF4E 07238 had a mild but significant growth defect (mean clone size ¼ 67% 6 1% size of twin spot, n ¼ 3; supplemental Figure 1 ), while clones made using eIF4E 715/13 had a severe growth defect ( Figure 1F , compare clone to twin-spot size; mean clone size ¼ 8.7% 6 2% size of twin spot, n ¼ 3). Control clones made using a wild-type FRT chromosome were a similar size to the twin spot (mean clone size ¼ 98% 6 1% size of twin spot, n ¼ 3) as expected. Surprisingly, neither eIF4E 07238 (supplemental Figure 1 ) nor eIF4E 715/13 LOF clones have any effect on differentiation in posterior ( Figure 1F ) or anterior clones close to the MF ( Figure 1G ). Also, eIF4E 07238 , tsc2 mutant clones have a similarly strong precocious differentiation phenotype to tsc2 clones (supplemental Figure 1) , further suggesting that eIF4E is not required for InR/ TOR-dependent control of PR differentiation. We also analyzed the differentiation phenotype of the eIF4E inhibitory binding partner 4EBP. In accordance with our results with eIF4E, overexpression of 4EBP also has no effect on differentiation ( Figure 1H ). In addition, we do not observe any differentiation phenotype in clones of wild-type cells generated in a background heterozygous for a ribosomal subunit dominant mutation (a Minute mutant; data not shown), confirming that alteration of the overall translation rate does not affect differentiation. Taken together these data suggest that the control of the timing of neuronal differentiation is regulated by S6K and is independent of 4EBP/eIF4E, while growth is controlled by both these factors.
InR/TOR signaling controls the timing of the differentiation of a subset of photoreceptors: Each ommatidium in the Drosophila eye consists of eight photoreceptor (PR) neurons and 12 accessory cells. We have shown that the InR/TOR pathway controls the timing of differentiation of PRs 1, 6, and 7 and cone cells, but does not affect PR 8 (Bateman and McNeill 2004) . The differentiation of PR 8 is followed by the sequential differentiation of PRs 2/5, then PRs 3/4, and finally PRs 1, 6, and 7 ( Figure 1A ). To determine whether the differentiation of PRs 2-5 is also regulated by the InR/TOR pathway we used antibodies against the transcription factors Rough (Kimmel et al. 1990 ) and Spalt (Barrio et al. 1999) to analyze the differentiation of PRs 2/5 and 3/4, respectively. If InR/TOR signaling does regulate the differentiation of PRs 2-5 we would expect activation of the pathway by loss of tsc1 to cause precocious differentiation of these PRs. Both Rough and Spalt staining appeared normal within tsc1 clones ( Figure 2B and data not shown), suggesting that the InR/TOR pathway does not affect the timing of differentiation of PRs 2/5 or PRs 3/4.
We were concerned that since PRs 2/5 and 3/4 differentiate close to the morphogenetic furrow (rows 3 and 4, respectively, Figure 1A ), that it might be difficult to resolve cells which are precociously differentiating. To overcome this issue we made Rheb LOF clones to determine whether there is any delay in the differentiation of PRs 2-5 when InR/TOR signaling is inhibited. Differentiation of PRs 1, 6, and 7 and cone cells is strongly delayed in Rheb clones (Figure 2, C and D and (Bateman and McNeill 2004) , however, both Rough (PRs 2 and 5) and Spalt (PRs 3 and 4) staining is unaffected in these clones (Figure 2 , E and F). Therefore temporal control of differentiation by the InR/TOR pathway in the developing eye is stage/cell type specific: the late differentiating PRs 1, 6, and 7 and cone cells are dependent on the InR/TOR pathway, while the early differentiating PRs 2-5 and 8 are independent of InR/TOR signaling.
Transcription of Argos, a reporter of EGFR signaling activity, is regulated by the InR/TOR pathway: The stage/cell-type-specific nature of the temporal control of differentiation suggests that the InR/TOR pathway achieves this regulation through a novel mechanism. To investigate this we asked whether any of the pathways known to be important for PR differentiation are affected by changes in InR/TOR signaling. Since the passage of the MF is unaffected by the InR/TOR pathway it seemed unlikely that Dpp, Hh, or Wingless signaling were being affected. Next we asked whether EGFR signaling is regulated by the InR/TOR pathway in the developing eye. We had previously analyzed EGFR signaling activity in two ways. First we stained with an antibody against dual phosphorylated MAPK (dpERK), which gives a direct readout of EGFR signaling levels (Gabay et al. 1997 ). Second we analyzed the level of the E26 transformation-specific sequence (ETS) protein Yan, whose accumulation in the nucleus is dependent on its phosporylation state and hence the level of EGFR activity (Tootleet al. 2003; Song et al. 2005) . Neither dpERK nor Yan staining are affected by activation of InR/TOR signaling (Bateman and McNeill 2004) . However, we had not tested whether EGFR signaling is being affected downstream or in parallel to MAPK and Yan.
To test whether there is any overall activation of EGFR signaling by the InR/TOR pathway we looked at the expression of Argos. Argos is a secreted protein that functions as an inhibitory ligand of the EGFR (Freeman et al. 1992b) . argos expression is induced by EGFR activation in differentiating cells and is thought to result in a feedback loop that inhibits the differentiation of surrounding cells (Golembo et al. 1996) . As a consequence of its dependence on EGFR activation Argos is strongly expressed in developing PRs as they differentiate (Freeman et al. 1992b) . To analyze the expression of Argos in cells in which InR/TOR signaling is activated we stained pten LOF clones with an Argos monoclonal antibody. Although Argos stains poorly in imaginal discs we see a consistent increase in Argos accumulation in pten clones ( Figure 3A) .
Next we asked whether the ability of the InR/TOR pathway to modulate Argos levels is caused by changes in argos gene expression. This result would indicate that EGFR signaling is being affected, rather than a stabilization of Argos post-transcriptionally. To address this we used the argos W11 lacZ reporter line (Freeman et al. 1992a,b) . Using argos W11 we observed a strong increase in argos expression in pten LOF clones ( Figure 3B ). Interestingly, in pten clones that cross the MF, strong precocious expression of argos is seen in the mutant cells ( Figure 3B ). To determine whether inhibition of the InR/TOR pathway can regulate argos expression we generated Rheb clones in larvae carrying the argos W11 allele. Loss of Rheb causes a strong decrease in argos expression in differentiating cells ( Figure 3C ). Thus both positive and negative regulators of the InR/TOR signaling pathway lead to alterations in argos expression.
Since Argos is also an inhibitory ligand of the EGFR (Freeman et al. 1992b) , we analyzed the expression of rhomboid-1 (rho) as an independent readout of EGFR activity. rho expression was monitored using the X81 enhancer trap line which is expressed strongly in PRs 2/5 and 8 (Freeman et al. 1992a) . In accordance with the argos data, rho expression is upregulated in pten LOF clones ( Figure 3D ). These changes appear to be specific since the expression of several other cell fate genes is unaffected by changes in InR/TOR signaling (Bateman and McNeill 2004) , including the Notch ligand Delta (supplemental Figure 2) . In conclusion, these data suggest that there is crosstalk between InR/TOR signaling and the EGFR pathway and that this occurs downstream of MAPK.
Expression of pntP2 is regulated by InR/TOR signaling: argos expression is activated by the ETS transcription factor pointed (pnt). pnt is expressed as two alternatively spliced isoforms, P1 and P2, which share a C-terminal region that contains the ETS motif (Scholz et al. 1993) . pntP2 is expressed specifically in the embryonic midline glial cells (Klambt 1993) , and argos expression is lost in these cells in pointed (pnt) mutant embryos (Scholz et al. 1997) . Activation of the EGFR results in phosphorylation of MAPK, which enters the nucleus and phosphorylates pntP2 (Brunner et al. 1994; O'Neill et al. 1994) . In the eye imaginal disc pntP2 is expressed in precursor cells posterior to the MF and in PRs 1, 6, and 7 and cone cells (Brunner et al. 1994) . Since argos is a transcriptional target of pntP2 we wondered whether pntP2 expression might also be regulated by InR/TOR signaling. To test whether pntP2 expression is regulated by InR/TOR signaling we used the pnt 1277 allele which contains a P {LacW} element within the first, noncoding exon of pntP2 (Scholz et al. 1993) . Using pnt 1277 we observe a strong increase in pntP2 expression in pten LOF clones ( Figure 4A) . Interestingly, the increase in pntP2 expression differs spatiotemporally across the field of differentiating cells. pntP2 expression is increased most strongly in cells as they differentiate, but this increase is lost once the cells become more mature. Moreover, dramatic precocious expression of pntP2 is observed in pten clones that span the MF ( Figure 4A ). Importantly, pntP2 expression is also upregulated in undifferentiated cells around the MF, suggesting that the increase in expression is not simply an indirect consequence of the precocious differentiation of PRs. We also observe a similar upregulation of pntP2 expression in clones that have activated InR/TOR signaling due to loss of tsc2 ( Figure  4B ). The increase in pntP2 expression is not a result of a general increase in transcription due to increased growth, since we do not see increased expression of several other markers of PR cell fate (Bateman and McNeill 2004) . To examine the effect of blocking InR/ TOR signaling we examined pntP2 expression in cells mutant for TOR . LOF clones of TOR show decreased expression of pntP2 ( Figure 4C ). Therefore pntP2 expression is sensitive to both activation and inhibition of InR/TOR signaling. To determine whether this property is specific to the eye we looked at pntP2 expression in pten clones in the leg and eye discs. We did not observe any change in pntP2 expression in these clones (supplemental Figure 3) , suggesting either that InR/TOR regulation of pntP2 is specific to the developing eye (perhaps requiring specific factors expressed close to the MF) or that the spatiotemporal nature of eye development in Drosophila makes it possible to observe changes that cannot be resolved in other imaginal discs.
Reducing EGFR signaling phenocopies loss of Rheb or TOR in developing PRs: Argos, rho, and pntP2 expression levels are all regulated by InR/TOR signaling, suggesting crosstalk between InR/TOR and EGFR pathways. However, complete loss of EGFR or pntP2 activity (using null alleles) completely blocks the differentiation of all PRs except PR 8 (data not shown; (Baonza et al. 2001 (Baonza et al. , 2002 Yang and Baker 2003) , whereas inhibition of the InR/TOR pathway causes a delay only in the differentiation of PRs 1, 6, and 7 and cone cells (Figure 2) . To reconcile these observations we wondered whether a reduction, rather than a complete loss in EGFR activity would cause the same cell-typespecific delay in differentiation as inhibition of the InR/TOR pathway.
To determine the affect of reducing EGFR signaling levels we used a hypomorphic allele of pntP2 (pntP2 1230 ), which was generated by the imprecise excision of a P element in the first, noncoding exon of pntP2 (Klambt 1993) . We stained pntP2 1230 clones with the same panel of markers that we had used to analyze the differentiation phenotype of InR/TOR pathway mutants ( Figure  2 ). Interestingly the PR differentiation phenotype in pntP2 1230 clones is identical to that in Rheb or TOR LOF clones (compare Figure 5 to Figure 2) . Specifically, PR 8 (stained for Senseless expression; Figure 5A ), PRs 2/5 (stained for Rough expression; Figure 5B ), and PRs 3/4 (stained for Spalt expression; Figure 5C ) differentiate normally in pntP2 1230 clones. In contrast the differentiation of PRs 1 and 6 (stained for Bar expression; Figure 5D ), PR 7 (stained for Prospero expression; Figure  5E ), and cone cells (stained for Prospero expression; Figure 5E and Cut expression; Figure 5F ) are strongly delayed but not completely blocked. The phenotypic similarity between PRs with reduced EGFR signaling and PRs in which InR/TOR signaling is inhibited is consistent with InR/TOR signaling modulating EGFR transcriptional outputs to control neuronal differentiation. InR/TOR and EGFR signaling interact genetically: Since reducing EGFR pathway activity through pntP2 phenocopied inhibition of the InR/TOR pathway we wondered whether these two pathways could interact genetically. To test this we generated clones that were double mutant for pntP2 1230 and Rheb 2D1 . Inhibition of differentiation in these clones ( Figure 6B ) was much more severe than in pntP2 (or Rheb) single mutant clones ( Figure 6A ). pntP2 1230 , Rheb 2D1 double-mutant clones block rather than delay the differentiation of PRs 1 and 6 ( Figure 6B ). Conversely, when we overexpressed Dp110 in pnt 1230 clones using the mosaic analysis with a repressible cell marker (MARCM) technique (Lee and Luo 1999) , the delay in the differentiation of PRs 1 and 6 was much less severe ( Figure 6D ) than in pnt 1230 clones alone ( Figure 6C ) and the precocious differentiation normally seen with Dp110 overexpression was completely suppressed, strongly suggesting that pntP2 acts downstream of Dp110. These data demonstrate that the InR/TOR and EGFR pathways can interact genetically and are consistent with the regulation of neuronal differentiation by the InR/TOR through modulation of EGFR transcriptional output.
DISCUSSION
Tight coordination of growth and differentiation is essential for normal development. We have previously shown that InR/TOR signaling controls the timing of neuronal differentiation (Bateman and McNeill 2004) in the eye and leg in Drosophila. Here we demonstrate that the InR/TOR pathway regulates neuronal differentiation in an S6K-dependent, but 4EBP/eIF4E-independent manner. Previously we were unable to determine whether InR/TOR signaling was acting downstream or in parallel to the EGFR/MAPK pathway. Using argos and rho as reporters we have shown that the InR/TOR pathway is able to regulate EGFR/ MAPK signaling downstream of MAPK. Moreover, pntP2 expression is up-and downregulated by activation or inhibition of InR/TOR signaling, respectively, and InR/ TOR and EGFR pathways interact through pntP2. Taken together our data suggest that temporal control of differentiation by the InR/TOR pathway is achieved by modulation of EGFR pathway transcriptional targets in differentiating PRs.
TOR is part of two multimeric complexes (TORC1 and TORC2) and is a core component of the InR pathway (Inoki and Guan 2006; Wullschleger et al. 2006) . TORC1 activity is regulated by nutrient and energy levels (Hara et al. 1998; Inoki et al. 2003) providing a conduit for hormonal and catabolic cellular inputs. Growth is regulated by two downstream targets of TORC1: S6K and 4EBP. Our data demonstrate that upstream of TORC1, differentiation and growth are regulated by the same factors. Downstream of TORC1, differentiation and growth differ significantly in that loss of s6k, but not eIF4E (or overexpression of 4EBP) affects differentiation. eIF4E regulates 7-methyl-guanosine cap-dependent translation and is the rate-limiting factor in translation initiation (Richter and Sonenberg 2005) . Our finding that eIF4E does not affect differentiation suggests that the temporal control of differentiation is not based on a translation initiation-dependent mechanism. Strikingly, we show that loss of s6k blocks ) clones (B and B9). Note that the disc shown in B is a younger disc and so pntP2 is upregulated more posteriorly. Conversely pntP2 transcription is downregulated in TOR DD clones (C and C9). LOF clones in A-C are marked by the loss of GFP staining (shown in green). Anterior is to the left in all panels. the precocious differentiation induced by loss of tsc2. Given the relatively weak effects of loss of s6k this may seem surprising. However, the degree of suppression is similar to the effect of loss of s6k on the overgrowth phenotype caused by loss of tsc2, namely, tsc2, s6k double-mutant cells are the same size as wild-type cells (Gao et al. 2002) . Although loss of eIF4E has no affect on differentiation it may act redundantly with another factor, such as s6k. Testing this hypothesis though is technically challenging since the Drosophila genome contains eight different eIF4E isoforms (Hernandez et al. 2005 ). It will be interesting in future to test whether any of these isoforms regulate differentiation or alternatively whether eIF4E and s6k act redundantly. Although further work is required to determine the precise relationship between S6K and the InR/TOR 1230 clones have no effect on the differentiation of PR 8 (stained for Senseless expression, shown in red in A and A9), PRs 2/5 (stained for Rough expression, shown in red in B and B9) or PRs 3/4 (stained for Spalt expression, shown in red in C and C9). Note that Spalt staining shows a delay toward the posterior of the disc where the antibody also stains PRs 1 and 6. In contrast pntP2 1230 clones show a strong delay in the differentiation of PRs 1 and 6 (stained for Bar expression, shown in red in D and D9), PR 7 (stained for Prospero expression, which is also expressed in cone cells, shown in red in E and E9) and cone cells (stained for Cut expression, shown in red in F and F9 and Prospero expression, shown in red in E and E9). LOF clones in all panels are marked by the loss of GFP staining (shown in green). Anterior is to the left in all panels. pathway, our data point to a critical role of S6K in coordinating neuronal differentiation and growth.
As in other neuronal systems, differentiation of PRs in the Drosophila eye occurs in a stereotyped manner. The advantage of the Drosophila retina as an experimental system is that the PRs differentiate spatiotemporally. Using this feature, as well as a series of cell-type-specific antibodies, we have demonstrated that InR/TOR signaling is selective in the cell-types that it affects. The differentiation of PRs 2/5, 3/4, and 8 are unaffected by perturbations in InR/TOR signaling, whereas PRs 1, 6, and 7 and cone cells are dependent on this pathway for temporal control of differentiation. Interestingly the affected cells all differentiate after the second mitotic wave. However, we have shown that regulators of the cell cycle do not affect the temporal control of differentiation (Bateman and McNeill 2004) . Why then are PRs 1, 6, and 7 and cone cells specifically affected? In cells with increased InR/TOR signaling, the expression of argos, rho, and pntP2 is precocious and increased throughout the clone, suggesting that the upregulation of EGFR signaling occurs in all cells. However, decreasing EGFR activity using a hypomorphic pntP2 allele specifically affects the differentiation of PRs 1, 6, and 7 and cone cells. Interestingly, pntP2 expression in differentiated cells is also restricted to PRs 1, 6, and 7 and cone cells. These observations suggest that differentiation of PRs 1, 6, and 7 and cone cells is critically dependent on EGFR levels signaling through pntP2. Therefore, although activation of InR/TOR signaling causes upregulation of EGFR transcriptional targets in all cells as they differentiate, the phenotypic effect is only seen in PRs 1, 6, and 7 and cone cells since these cells are highly sensitive to EGFR activity signaling through pntP2. This possibility is supported by the fact that precocious differentiation caused by overexpression of Dp110 can be suppressed by the simultaneous reduction of pntP2 levels ( Figure 6 ). The complete suppression of the Dp110 differentiation phenotype by simultaneous reduction of pntP2 strongly suggests that pntP2 acts downstream of Dp110 and InR/TOR signaling in a pathway that regulates the temporal control of differentiation. It has been suggested that later differentiating PRs require higher levels of EGFR activity than their earlier differentiating neighbors. In particular, the activation of PR 7 requires both EGFR and Sevenless RTKs (Freeman 1996) . In the case of InR/TOR pathway activation it may be that, through its regulation of EGFR downstream targets, the ''second burst'' of RTK activity is enhanced causing PRs 1, 6, and 7 and cone cells to differentiate precociously. There may also be other as yet unidentified factors through which the InR/TOR pathway controls the expression of Aos and rho in PRs 2-5 and 8.
Activation of insulin and insulin-like growth factor receptors in mammalian systems is well known to elicit a response via the Ras/MAPK pathway (Baltensperger et al. 1993; Skolnik et al. 1993; Downward 2003; ) . However, loss of the InR in the Drosophila eye does not result in a loss of PRs, a hallmark of the Ras pathway (Brogiolo et al. 2001) , nor does mutation of the putative Drk binding site in chico affect the function of the Drosophila IRS (Oldham et al. 2002) . In accordance with these data we do not observe any change in dpERK staining when the InR/TOR pathway is activated in the eye disc. Rather than a direct activation of Ras signaling by the InR, our data suggest that in the developing eye crosstalk between these pathways occurs at the level of regulation of the expression of EGFR transcriptional outputs. The most proximal component of the EGFR pathway that is regulated by InR/TOR signaling is pntP2. However, our data suggest that temporal control of PR differentiation requires concerted regulation of EGFR transcriptional outputs, since overexpression of pntP2 alone is not sufficient to cause precocious differentiation, whereas overexpression of activated EGFR is sufficient (supplemental Figure 4) . Interestingly, microarray analyses of Drosophila and human cells have shown that the InR/TOR pathway regulates the expression of hundreds of genes (Peng et al. 2002; Guertin et al. 2006a) . The mechanism by which this transcriptional control is exerted has yet to be elucidated. It will be interesting in future to determine the extent of transcriptional crosstalk between InR/TOR and EGFR pathways in developing neurons.
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